Neutron capture cross sections of 136,138,140,142Ce and the decays of 137Ce by unknown
PHYSICAL REVIEW C 86, 034340 (2012)
Neutron capture cross sections of 136,138,140,142Ce and the decays of 137Ce
S. Torrel and K. S. Krane
Department of Physics, Oregon State University, Corvallis, Oregon 97331, USA
(Received 10 July 2012; revised manuscript received 27 August 2012; published 27 September 2012)
The activation method has been used to measure the cross sections for radiative capture of neutrons by all
isotopes of stable Ce (mass numbers 136, 138, 140, and 142). Both the thermal cross sections and the resonance
integralshavebeendeterminedfromseparateirradiationswiththermalandepithermalneutrons,whereverpossible
cross-checking results from different irradiation facilities with different ﬂux distributions. Because determination
of precise cross sections by activation requires equally precise values of the decay half-lives, we have remeasured
decay half-lives of 137Ceg, 137Cem, 139Cem, 141Ce, and 143Ce. Improved values for the energies and intensities of
the γ rays in the decays of 137Ceg and 137Cem have also been determined, along with corresponding values for
the β-decay feedings and energies of excited states in 137La.
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I. INTRODUCTION
A systematic study of neutron capture by the stable Ce
isotopes at stellar energies by K¨ appeler et al. [1] revealed
inconsistencies in the accepted data set as well as important
systematics among the measured values, especially in the
approach to the semimagic 140Ce (N = 82). A similarly
systematic study of neutron capture in Ce at low and
intermediate energies has not yet been done. There is fair
agreement in the literature [2,3] on the capture cross sections
for 140,142Ce, but there is a lack of similar data for capture by
136,138Ce. Moreover, the interesting question of the relative
cross sections for capture leading to the low-spin ground
states and high-spin isomeric states in 137,139Ce has not been
addressed by the existing data set. A systematic understanding
of the neutron cross sections by Ce isotopes is also necessary
for calculating neutron propagation in reactors, because Ce
isotopes are produced in large quantities in the ﬁssion of 235U.
Thepresentworkreportstheresultsofasystematicstudyof
the neutron capture cross sections for the stable Ce isotopes,
in analogy with a similar study recently completed in our
laboratory of the cross sections of the stable Ba isotopes [4].
In particular, we have focused in this work on a careful
determination of the cross sections for the production of
the ground and metastable states in 137,139Ce. It is especially
important in these studies to correct for capture by epithermal
neutronsindeterminingthecrosssectionforthermalneutrons,
because the resonance integral is often an order of magnitude
larger than the thermal cross section. We have therefore
undertaken measurements of both the thermal cross sections
and the resonance integrals, which are reported in the present
work. We also report new measurements of the half-lives for
several of the Ce decays, along with an improved set of values
for the γ-ray energies and intensities in the decays of 137Ceg
and 137Cem and the consequences for the properties of the
excited states of 137La.
II. EXPERIMENTAL DETAILS
For the cross section measurements, samples of CeO2
powder of natural isotopic abundance ranging from 10 to
150 mg were irradiated in the Oregon State University TRIGA
reactor [5]. Four different irradiation facilities were used: a
thermal column (TC; nominal thermal and epithermal neutron
ﬂuxes of respectively 9.0 × 1010 and 2.0 × 108 neutrons
cm−2 s−1), an irradiation site in the reactor core’s outer or G
ring(GRICIT;4.3 × 1012 and3.9 × 1011 neutronscm−2 s−1),
a cadmium-lined irradiation tube in the central core (CLICIT;
0 and 1.2 × 1012 neutrons cm−2 s−1), and a fast pneumatic
transferfacility(“rabbit”;8.3 × 1012 and3.3 × 1011 neutrons
cm−2 s−1). Some rabbit samples were enclosed in a Cd box
(1 mm wall thickness) to isolate the epithermal neutrons.
To monitor the neutron ﬂux, each irradiation was accom-
panied by several samples of known cross sections. Samples
of Au and Co as dilute (respectively 0.134% and 0.438%)
alloys in thin Al metal foils served as primary ﬂux monitors.
The thermal cross section and resonance integral of Au were
assumed to be respectively 98.65 ± 0.09 b and 1550 ±
28 b and those of Co to be respectively 37.18 ± 0.06 b
and 74 ± 2b[ 2]. Zr served as a secondary ﬂux monitor,
especially for correcting for the small epithermal components
in the TC and rabbit facilities. Irradiations for the cross
section measurements typically lasted 1–3 h in the GRICIT,
CLICIT, and TC facilities, and counting began about 4 h
after the irradiations. Irradiations in the rabbit facility were
of duration 1–2 min, and counting began a few minutes after
the irradiations.
The γ rays were observed with a high-purity Ge detector
(nominalvolumeof169cm3,efﬁciencyof35%comparedwith
NaI at 1332 keV, resolution of 1.68 keV at 1332 keV). Source-
to-detector distances for the cross section measurements were
generally 10 to 20 cm, for which coincidence summing
effects are negligible. The signals were analyzed with a digital
spectroscopy system connected to a desktop computer. Peak
areas of the γ-ray lines, which were well isolated from
neighboring peaks, were determined with the ORTEC MAESTRO
software [6].
Parameters used in the analysis of the Ce cross sections
are shown in Table I. Isotopic abundances are taken from the
current recommended values of the IUPAC Commission on
IsotopicAbundancesandAtomicWeights[7].Decayhalf-lives
are from the Evaluated Nuclear Structure Data File (ENSDF)
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TABLE I. Properties of Ce isotopes for cross section analysis.
Capture by Capture to Abundance (%) Half-life Analyzing γ rays
136Ce 137Ceg 0.185(2) 9.11(3) h 447.2 (1.69%)
137Cem 34.80(3) h 254.3 (11.1%)
138Ce 139Ceg 0.251(2) 137.64(2) d 165.9 (79.9%)
139Cem 57.58(32) s 754.2 (92.5%)
140Ce 141Ce 88.45(5) 32.508(13) d 145.4 (48.3%)
142Ce 143Ce 11.11(5) 33.039(6) h 293.3 (42.8%)
[8]f o r139Ceg, 141Ce, and 143Ce, with the remainder being
new values deduced from the present work. Branching ratios
of the γ rays are from the ENSDF. The branching ratio for
the 447.2-keV γ ray in the decay of 137Ceg is derived from
the present spectroscopy results (discussed below) and agrees
with the value from the most recent ENSDF compilation.
After correcting for the decay of the sample and the γ-ray
branching and efﬁciency factors, the deduced activities were
analyzed according to the result of solving the rate equation
for a simple capture and decay process, for which the activity
a is
a = N(σφth + Iφepi)(1 − e−λti), (1)
where N (assumed to be constant) is the number of stable
Ce target nuclei in the irradiated sample, φth and φepi are the
thermalandepithermalneutronﬂuxes,σ andI arerespectively
the effective thermal cross section and resonance integral, and
ti is the irradiation time. In the cases in which the radioactive
ground state is fed through the metastable state (137Ce and
139Ce),theground-statepopulationresultingfromtheisomeric
decays was subtracted out, so that the quoted cross sections
for the ground states represent direct production from neutron
capture.
Becausetherearenobroadorlow-lyingneutronresonances
known for any of the Ce isotopes considered in the present
work,thecrosssectioncloselyfollowsthe1/v behaviorbelow
about 1 eV. Therefore the effective thermal cross section
characterizes the entire thermal region. (This is equivalent
to setting Wescott’s g factor equal to unity [9].) The effects
of neutron absorption within the samples are also negligible,
given the thin samples used in the present experiments.
The effective resonance integral I includes a small contri-
bution from the 1/v region. Assuming the Cd cutoff energy to
be about 0.5 eV, this contribution amounts to about 0.45σ;t h e
corrected resonance integral I  is then
I  = I − 0.45σ. (2)
The resonance integral is generally much larger than the
thermal cross section, in which case this amounts to a small
correction that is at most one standard deviation of I.F o r
141Ce and 143Ce the resonance integral is comparable to the
thermal cross section, so for those cases Eq. (2) produces a
large correction to the measured value of I (25%–50%).
Several factors contribute to the uncertainties in the cross
sections: isotopic abundance, half-life, ﬂux determinations
(including corrections of thermal cross sections for the
presence of epithermal neutrons), detector efﬁciencies, and
decay scheme factors, including γ-ray branching. Overall
these factors combine to give a typical minimum uncertainty
of 4%–5%.
For the 137Ce spectroscopy studies, 2-mg samples of CeO2
enriched to 30% in 136Ce were irradiated to produce an
initial 137Ceg activity of 150 μCi. Counting was done at
source-to-detector distances from 10 to 5 cm, moving closer
to the detector at intervals of approximately one half-life. This
procedureenablessumpeaksandlong-livedimpuritiesreadily
to be identiﬁed.
The γ-ray spectra were analyzed for peak locations and
areasusingtheﬁttingcode SAMPO[10].Energycalibrationsfor
thespectroscopystudiesweredonebycountingtheCesamples
simultaneously with 152Eu [11]. Efﬁciency calibrations were
done with standardized sources of 133Ba and 152Eu. The
calibration below 200 keV was also characterized using
reactor-produced sources of 160Tb, 169Yb, and 182Ta.
III. HALF-LIVES AND CROSS SECTION RESULTS
Figure 1 shows a sample γ-ray spectrum just after a rabbit
irradiation,illustratingthepeaksthatappearatshorttimes,and
Fig. 2 shows a spectrum of lines from the long-lived activities
several hours after a core irradiation.
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FIG. 1. γ-ray spectrum from short-lived isotopes in irradiated Ce
just after rabbit irradiation. Labeled lines were used for cross-section
evaluation.
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FIG. 2. γ-rayspectrumofirradiatedCefollowingcoreirradiation
showing lines from longer-lived isotopes used for cross-section
evaluation.
A. Half-lives
Before analyzing the cross sections, it is necessary to have
precise values for the radioactive decay half-lives. We have
remeasured the half-lives of ﬁve of the six activities used in
the present studies (all except 139Ceg). The deduced values
from the present work, where superior to previous values, are
presentedinTableI.Foreachhalf-lifemeasurement,dead-time
corrections were checked using either a much longer-lived Ce
decay(forexample, 143Cefor 139Cem),animpurityofprecisely
known half-life present in our samples (for example, 140La),
or a long-lived external source (such as 60Co or 152Eu).
137Ce. Previous values of the 137Ceg and 137Cem half-lives,
respectively9.0 ± 0.3hand34.4 ± 0.3h,havebeenreported
onlybyDanbyetal.[12]basedonameasurementofthe447.2-
and 254.3-keV lines from activities following the decay of
137Pr produced from Ce(p,xn) reactions. To our knowledge,
there has been no previous report of a half-life determined
from a source produced by neutron capture. Our analysis of
the447.2-keVlinefrom 137Ceg foratleastthreehalf-livesfrom
several samples, including the separated isotope, gave a half-
life of 9.11 ± 0.03 h. The 254.3-keV isomeric transition from
137Cem was observed for at least three half-lives from several
samples, again including the separated isotope, resulting in a
half-lifeof34.80 ± 0.03h.Thesevaluesareinagreementwith
the previously measured ones but are an order of magnitude
more precise.
139Cem. The presently accepted half-life of 139Cem is
54.8 ± 1.0 s, based on the value reported by Geiger and
Graham [13]. A somewhat larger value, 56.44 ± 0.48 s, was
reported in the same year by Yule [14].We have measured this
half-life by following the decay of eight samples to obtain the
value 57.58 ± 0.32 s, slightly larger than the previous values.
141Ce. Our value for this half-life is 32.56 ± 0.05 d, which
is in agreement with but less precise than the accepted value
of 32.508 ± 0.013 d, based on a consensus of a large number
of previously measured values [8].
143Ce. From the analysis of several samples during three or
more half-lives, we have deduced a value of 33.01 ± 0.02 h
TABLE II. Measured values of Ce thermal cross sections.
Process Thermal cross section σ (b)
Present work Previous work
136Ce → 137Cem 0.344(16) 0.6a
136Ce → 137Ceg 3.91(18) 6.3a
138Ce → 139Cem 0.047(20) 0.007b, 0.018(5)c
138Ce → 139Ceg 0.98(5) 1.0b, 0.65(22)c, 1.02(12)d
140Ce → 141Ce 0.51(2) 0.582(5)d, 0.59(6)e, 0.54(4)f
142Ce → 143Ce 0.88(4) 0.967(10)d, 0.94(9)f, 0.95(5)g
aBrosi and Ketelle [16].
bKetelle et al. [18].
cSehgal [19].
dHeft [21],
eLantz et al. [22].
fAlstad et al. [23].
gRoy and Yaffe [27].
for this half-life. This is in agreement with, but somewhat less
precisethan,thecurrentlyacceptedvalueof33.039 ± 0.006h,
based on a measurement reported by Abzouzi et al. [15].
B. Cross sections
Given the newly measured values for the half-lives, along
with the other data listed in Table I, we can now discuss
the results of the cross section measurements. Values for the
thermal cross sections are summarized in Table II, and the
resonance integrals (including the 1/v contribution) are given
in Table III.
136Ce →137Ce. The thermal cross sections leading to the
137Cem metastable state were determined from measurements
in three facilities (GRICIT, TC, and rabbit), and the resonance
integrals from two measurements (CLICIT and Cd-shielded
rabbit). Good agreement was obtained from the various
measurements, and the average values for the isomeric cross
sections are
σ = 0.344 ± 0.016 b,I = 5.5 ± 0.3b .
The cross sections leading to the 137Ceg ground state
were determined from the analysis of the 447.2-keV line.
Its intensity was ﬁrst corrected for the competing 446.0- and
447.5-keV lines from the 143Ce decay. After also correcting
for the population of the ground state that originates from the
isomer (using the deduced cross sections for formation of the
isomer), the cross sections for direct production of the ground
state were deduced to be
σ = 3.91 ± 0.18 b,I = 63.5 ± 3.1b .
The only previous report of these cross sections was given
by Brosi and Ketelle [16], who estimated values of the
respectivethermalcrosssectionsoftheisomerandgroundstate
to be 0.6 and 6.3 b. The ratio of the isomeric and total (ground
state + isomeric) cross sections was measured by Gangrsky
etal.[17]tobe0.15± 0.01,inratherpooragreementwiththe
value0.081 ± 0.005obtainedfromthecrosssectionsdeduced
in the present work.
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TABLE III. Measured resonance integrals of Ce.
Process Resonance integral I (b)
Present work Previous work
136Ce → 137Cem 5.5(3)
136Ce → 137Ceg 63.5(31)
138Ce → 139Cem 1.95(10) 1.21(13)a
138Ce → 139Ceg 8.6(5) 6.7(31)b
140Ce → 141Ce 0.55(2) 0.483(5)b, 0.43(2)c, 0.48(5)d, 0.49(5)e, 0.25(3)f, 0.48(5)g
142Ce → 143Ce 1.25(6) 1.66(15)b, 1.10(6)c, 1.6(2)e, 0.73(4)f
aVan der Linden et al. [20].
bHeft [21].
cVan der Linden et al. [26].
dLantz et al. [22].
eAlstad et al. [23].
fRicabarra et al. [24] (reduced value I ).
gSteinnes [25].
138Ce →139Ce. Owing to its short half-life, the 139Cem
crosssectionscouldbeobtainedonlyfrommeasurementswith
the rabbit facility. After irradiating several samples in both the
unshielded and Cd-shielded conﬁgurations, the deduced cross
sections for formation of the metastable state are
σ = 0.047 ± 0.020 b,I = 1.95 ± 0.10 b.
The large relative uncertainty of the thermal value is a
result of the extreme sensitivity of this small cross section
to the uncertainty of the resonance integral when correcting
for the effect of the epithermal neutrons on the measurement
in the unshielded conﬁguration.
For the ground state, measurements of the thermal cross
sectionfromthreedifferentfacilities(GRICIT,TC,rabbit)and
oftheresonanceintegralfromtwodifferentfacilities(CLICIT,
Cd-shielded rabbit) yielded (after correction for ground-state
production through the isomer)
σ = 0.98 ± 0.05 b,I = 8.6 ± 0.5b .
The thermal cross sections for formation of the isomer and
ground state were previously reported by Ketelle et al. [18]
(respectively,0.007and1.0b)andbySehgal[19](respectively,
0.018 ± 0.005 and 0.65 ± 0.22 b), the latter value being
deduced from a measured ratio between the 138Ce and 140Ce
cross sections using an older value for the 140Ce cross section
that has been superseded by a current value twice as large. The
thermalcrosssectionleadingto 139Cem wasdeducedbySehgal
in comparison with an unspeciﬁed value of the 27Al thermal
cross section. Van der Linden et al. [20] deduced a value of
1.21 ± 0.13 b for the resonance integral from a measured
value for I/σ of 81 ± 9, assuming a value of 0.015 b for σ.
Using the larger value of σ (with its large relative uncertainty)
obtained from the present results yields a correspondingly
largerresonanceintegralof3.8 ± 1.6bfromVanderLinden’s
measurement, which (within its large uncertainty) agrees with
the presently measured resonance integral.
AmorerecentmeasurementbyHeft[21]oftheground-state
cross sections (σ = 1.02 ± 0.12 b, I = 6.7 ± 3 . 1b )i si n
agreement with but much less precise than the present results.
The ratio of the ground-state and total cross sections reported
by Gangrsky [17] (0.025 ± 0.003) is in reasonable agreement
with the less precise value 0.046 ± 0.019 from the present
results.
140Ce →141Ce. Owing to the relatively small resonance
integral,itwaspossibletoobtainpreciseresultsforthethermal
cross section from all three facilities (GRICIT, TC, rabbit),
which gave
σ = 0.51 ± 0.02 b,I = 0.55 ± 0.02 b.
Ourvalueforσ isslightlysmallerthanmostoftheprevious
values [21–23] listed in Table II, while our value for I is
slightly larger than the previous values [21–26]s h o w ni n
Table III.
142Ce →143Ce. Here again the relatively small resonance
integral gives only a small correction for the epithermal
neutrons, which does not signiﬁcantly increase the uncertainty
in the thermal cross section deduced from the GRICIT and
rabbit facilities. We have obtained consistent thermal cross
section values from three facilities, resulting in
σ = 0.88 ± 0.04 b,I = 1.25 ± 0.06 b.
As was the case for 140Ce, the present thermal cross
section is slightly smaller than previous values [21,23,27]
listed in Table II, while our value for the resonance integral
lies between the limits of the values [21,23,24,26]s h o w ni n
Table III.
IV. γ-RAY SPECTROSCOPY
Figure 3 shows a γ-ray spectrum of a sample of irra-
diated Ce enriched to 30% in 136Ce. In addition to 137Ceg
(150μCi)and 137Cem (3μCi),thesamplealsocontainedother
Ceisotopes: 135Ce(0.005μCi,producedfromn,2nreactions),
139Ce(0.002μCi), 141Ce(0.16μCi)and 143Ce(0.45μCi),plus
small quantities of other rare earths, including 140La, 149Nd,
152Eum, and 153Sm, and also 187W. These impurities caused
only minor interference with the measurement.
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FIG. 3. γ-ray spectrum of irradiated enriched Ce sample. Peaks labeled g and m are respectively from the 137Ceg and 137Cem decays. Peaks
labeled 141 and 143 are from the 141Ce and 143Ce decays.
The 137Ce sample was counted along with a 152Eu calibra-
tionsampleforseveral runs(10hintotalforthe 137Ceg decays
and42hforthe 137Cem decays)todeterminetheenergiesofthe
strongerγ-raylines.Thesamplewascountedforanadditional
4 d without the calibration sample to study the weaker 137Ceg
lines without interference from the 152Eu and eventually the
137Cem lines without interference from either 137Ceg or 152Eu.
The energy uncertainty associated with the peak ﬁtting is
often below 10 eV for lines with more than 104 counts, and
even including the uncertainties in the energy calibration lines
[11] (typically no more than a few eV) would often give a
total energy uncertainty below 10 eV. However, we feel that
such a small uncertainty is inconsistent with the systematic
variations in the energy ﬁts among different data runs and that
10 eV is a more realistic estimate of the minimum uncertainty.
Theminimumuncertaintyintheintensitieshasbeensetat1%,
which represents the typical ﬁtting uncertainty of the energy
calibrations.
The γ-ray energies and intensities from the decays of
137Ceg deduced from the present studies are listed in Table IV
alongwiththevaluesfromthemostrecentNuclearDataSheets
(NDS) compilation [28], based on the work reported by Henry
et al. [29]. Overall our data agree with and are signiﬁcantly
more precise than the previous results, typically by an order
of magnitude or more in both energy and intensity. A small
correction(amountingto10%atthebeginningofthemeasure-
ment) was necessary to correct the intensity of the 479-keV
γ ray for the presence of an unresolved γ ray from 187W.
The γ rays emitted in the decay of 137Cem are summarized
in Table V. The weak 917-keV line was partially obscured
TABLE IV. Energies and intensities of γ rays emitted in the decay of 137Ceg.
Previous worka Present work Levelsb
E (keV) IE (keV) I Initial Final
10.61(5) 491(11) B A
148.83(8) 0.5(2) 148.897(20) 0.671(20) E D
217.03(5) 2.2(3) 217.031(10) 2.18(3) K F
433.22(9) 29.1(5) 433.259(12) 29.2(3) K D
436.59(9) 149(5) 436.628(10) 150.5(15) C B
447.15(8) 1000 447.181(10) 1000(10) C A
479.12(10) 6.7(3) 479.158(15) 6.47(6) K C
482.47(10) 25.7(9) 482.527(10) 25.6(3) D B
493.03(10) 5.9(3) 493.093(10) 5.94(6) D A
529.3(2) 0.2(1) 529.65(10) 0.065(10) M E
631.38(6) 7.5(4) 631.395(10) 7.65(8) E B
678.26(12) 0.5(2) 678.349(21) 0.380(15) M D
698.72(11) 17.5(9) 698.713(10) 16.6(2) F B
709.30(11) 0.6(1) 709.296(26) 0.526(13) F A
724.4(3) 0.4(2) 724.329(50) 0.238(13) M C
770.97(10) 3.4(2) 770.945(10) 3.38(3) H B
781.57(13) 1.7(2) 781.487(10) 1.63(2) H A
915.80(13) 28.9(10) 915.769(10) 29.6(3) K B
926.35(13) 19.0(7) 926.310(10) 18.4(2) K A
1160.85(22) 0.84(8) 1160.857(10) 0.923(13) M B
aFrom Henry et al. [29].
bSee Table VI for identiﬁcation of levels.
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TABLE V. Energies and intensities of γ rays emitted in the decay of 137Cem.
Previous worka Present work Levelsb
E (keV) IE (keV) I Initial Final
10.61(5) BA
87.2(2) 20(3) 87.27(3) 22(2) L J
169.26(4) 995(60) 169.254(10) 1090(20) L I
254.29(5) 24800(900) 254.283(10) 25700(250) 137m 137g
762.30(10) 435(20) 762.081(10) 433(4) G A
824.82(12) 1000 824.765(10) 1000(10) I B
835.38(12) 234(10) 835.317(10) 235(2) I A
906.84(16) 6.3(11) 906.68(5) 7.0(5) J B
917.45(17) 29(5) 917.44(6) 21(3) J A
993.81(21) 4.5(6) 994.004(13) 2(2) L B
1004.49(20) 51(6) 1004.552(25) 51(1) L A
aFrom Henry et al. [29].
bSee Table VII for identiﬁcation of levels.
in the valley between the stronger lines at 915.8 keV from
137Ceg and 919.6 keV from the 140La impurity, so its energy
and intensity determinations were subject to relatively large
uncertainties. The 994-keV line showed considerable effects
of true coincidence summing (169 + 825 keV), amounting to
nearly 100% of the observed intensity of this weak line. (The
1005-keV line also showed a smaller effect of summing due
to 169 + 835 keV, which amounted to no more than 10% of
the observed intensity of the line even at a source-to-detector
distance of 5 cm.)
TablesVIandVIIshowtheenergylevelsin 137Lapopulated
in the decays of 137Ceg and 137Cem. The energy of the
10.553-keV level wasdeterminedfromthedifference between
the energies of the cascade and crossover transitions from the
447-, 493-, 709-, 781-, 835-, 926-, and 1005-keV levels. The
β-decayintensitieshavebeendeducedbycomparingtheγ-ray
intensities populating and depopulating each level. In this
calculation we have assumed the NDS value of 97.84 ±
0.08% for the intensity of the beta decay feeding 10.553-keV
level.Theuncertaintiesintheβ-decayintensitiesinthe 137Ceg
decay derive mostly from the uncertainty in the 10.553-keV
intensity, with the exception of the β intensity to the 493-keV
level, the large relative uncertainty of which results from
subtractingtwolargeandcomparablevaluesforthepopulating
and depopulating γ-ray intensities.
Based on the γ-ray intensity of the 254-keV isomeric
transition from 137Cem measured in the present work and its
internalconversioncoefﬁcientof7.93fromtheNDS,weobtain
a total intensity of 99.24 ± 0.02% for the isomeric transition
and thus 0.76 ± 0.02% for the β transitions from 137Cem
leading to 137La. The uncertainties in the β intensities given
in Table VII represent the combination of the uncertainties
in the intensities of the 137La γ rays and that of the overall
normalization of the total β intensity.
V. DISCUSSION
Neutron capture by the even-mass stable isotopes of Ce
(Z = 58) shares many features in common with the same
process in Ba (Z = 56) [4]. For several of the isotopes
(130,132,134,136Ba and 136,138Ce), neutron capture produces a
low-spin (1/2+ or 3/2+) ground state and a higher-spin (9/2−
or 11/2−) low-lying metastable state. Immediately beyond
the N = 82 shell closure (138Ba and 140,142Ce), isomerism
is not present. The measured cross sections reinforce these
TABLE VI. Energy levels of 137La populated in the decay of 137Ceg.
Level Previous worka Present work
E (keV) J π Iβ+ε logft E(keV) Iβ+ε logft
A 0.000 7/2+ 0.000
B 10.59(4) 5/2+ 97.84(8) 5.37(2) 10.553(7) 97.84(8) 5.376(2)
C 447.17(6) 5/2+ 1.95(7) 6.67(2) 447.176(7) 1.96(7) 6.67(2)
D 493.09(6) (3/2)+ ≈0.0018 ≈9.6 493.080(7) 0.0014 (7) 9.76(22)
E 641.96(6) 1/2+ 0.0134(9) 8.57(4) 641.954(11) 0.0139(5) 8.56(2)
F 709.30(6) (3/2)+ 0.027(2) 8.15(4) 709.277(9) 0.0254(10) 8.18(2)
H 781.57(9) (7/2)+ 0.0086(6) 8.50(4) 781.494(8) 0.0085(3) 8.51(2)
K 926.33(6) 5/2+ 0.145(6) 6.90(2) 926.322(6) 0.146(5) 6.90(2)
M 1171.37(10) (1/2+,3/2−) 1171.425(10) 0.00271(10) 6.42(6)
aFrom Nuclear Data Sheets compilation [28].
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TABLE VII. Energy levels of 137La populated in the decay of 137Cem.
Level Previous worka Present work
E (keV) J π Iε logft E(keV) Iε logft
A 0.000 7/2+ 0.000
B 10.59(4) 5/2+ 10.553(7)
G 762.27(10) 11/2+ 0.197(14) 8.17(4) 762.083(10) 0.188(5) 8.20(1)
I 835.37(8) 9/2+ 0.08(3) 8.5(2) 835.316(7) 0.037(9) 8.81(11)
J 917.44(11) 9/2+ 0.007(3) 9.4(2) 917.300(24) 0.0026(15) 9.8(3)
L 1004.62(8) 11/2− 0.51(4) 7.38(4) 1004.562(7) 0.532(17) 7.36(2)
aFrom Nuclear Data Sheets compilation [28].
similarities. As the shell closure is approached, the thermal
cross sections drop dramatically by an order of magnitude and
are then restored to larger values beyond the shell closure.
Ininterpretingthecrosssections,itisinstructivetoexamine
the isomeric ratio IR, deﬁned respectively for thermal and
epithermal neutrons as
IRth =
σm
σg + σm
and IRepi =
Im
Ig + Im
. (3)
From the thermal cross sections and resonance integrals of
thegroundandmetastablestatesmeasuredinthepresentwork,
we obtain
136 → 137g,m : IRth = 0.081 ± 0.005,
IRepi = 0.080 ± 0.005,
138 → 139g,m : IRth = 0.046 ± 0.019,
IRepi = 0.185 ± 0.012.
A similar analysis for the Ba isotopes from the data of
Ref. [4] yields
130 → 131g,m : IRth = 0.077 ± 0.006,
IRepi = 0.098 ± 0.006,
132 → 133g,m : IRth = 0.084 ± 0.005,
IRepi = 0.092 ± 0.006.
A statistical model [30] suggests that the isomeric ratios
dependonthreefactors:thespinofthecompoundstateformed
in the capture, a parameter characterizing the width of the
distribution of states with that spin, and the average number of
prompt γ rays (assumed to be primarily of dipole character)
in the cascade connecting the capture states with the ground
or isomeric states. In the Ce isotopes considered in the present
work and in the Ba isotopes reported in Ref. [4], all targets
have a spin of 0. If we assume only s-wave capture, the
compound states have only spin 1/2. The small values of IR
thus reﬂect the relative difﬁculty of connecting the compound
states with the metastable state ( J = 4 or 5) with a cascade
of dipole transitions compared with connecting the compound
states with the ground state ( J = 0 or 1). In the cases of
capture by 130,132Ba and 136Ce, the good agreement among
the values of IR and in particular for each nuclide the good
agreementbetweenIRthandIRepi suggestthatthisexplanation
may have considerable validity. (A similar study by Ledoux
et al. [31] of captures by eight nuclides with spins J other
than 0 likewise showed IRth ≈ IRepi in most cases, with the
deviantcasesexplainedonthebasisofdifferingpopulationsof
theJ ±1/2compoundstatesandtheensuingdifferencesinthe
γ-ray cascades leading to the ground and metastable states.)
HuizengaandVandenbosch[30]cautionagainstapplyingtheir
statistical model as the yields become small, which seems to
apply to the present data, as the good agreement between IRth
and IRepi is not present for captures by 138Ce for which the
thermal cross section is an order of magnitude smaller than
that of the other Ce nuclides. If, for example, s-wave capture
is suppressed, then even a small admixture of p-wave captures
by epithermal neutrons will enhance the value of IRepi relative
to IRth. On the other hand, isomeric ratios deduced from cross
sections measured for capture by the spin-0 nuclides of Sn
and Te show reasonably consistent values for thermal and
epithermalneutronsevenasthethermalcrosssectionsdecrease
to a few millibarns [32,33].
Because deducing the cross sections through activation
measurements depends critically on the measured values of
various parameters (such as γ-ray branchings and half-lives),
it is important to check the activation results against those of
other methods. Table VIII shows such a comparison between
the present values of the thermal cross sections and the results
of measurements based on the intensities of the prompt γ
rays that populate the various Ce levels [34]. Overall the
agreement is quite satisfactory with the exception of 139Ceg.
The explanation for this discrepancy is not apparent.
Thelow-lyingstructureof 137Laisbuiltonthe7/2+ ground
stateand5/2+ ﬁrstexcitedstate,presumablyidentiﬁedrespec-
TABLE VIII. Comparison of Ce thermal cross sections from
activation and from primary γ rays.
Final nuclide Thermal cross section σ (b) deduced from
Activationa Primary γ raysb
137Cem 0.344(16) 0.20(6)
137Ceg 3.91(18) 3.8(4)
139Cem 0.047(20)
139Ceg 0.98(5) 6.1(4)
141Ce 0.51(2) 0.284(17)
143Ce 0.88(4) 0.732(23)
aPresent work.
bFirestone et al. [34].
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TABLE IX. Cascade-to-crossover ratios in 137La.
Level (keV) J π Cascade-to-crossover ratio
β decay (p,2n)a (11B,4n)b
447.2 5/2+ 0.151(2) 0.15(2)
493.1 (3/2)+ 4.31(7) 4.3(6)
709.3 (3/2)+ 31.6(8) 30(9)
781.5 (7/2)+ 2.07(3) 2.0(3)
835.3 9/2+ 4.26(6) 3.7(6) 2.5(4)
917.3 9/2+ 0.33(5) 0.17(4)
926.3 5/2+ 1.61(2) 1.3(3)
1004.6 11/2− 0.04(4) 0.10(4)
aReference [35].
bReference [36].
tively with the g7/2 and d5/2 shell model orbitals expected to
be occupied by the 57th proton. Other low-lying excited states
may in turn be identiﬁed with shell model states, including
d3/2 (493 or 709 keV), s1/2 (642 keV), or h11/2 (1005 keV).
The ﬁrst vibrational state in the neighboring isotones 136Ba
and 138Ce occurs at about 800 keV, making it likely that
others of the levels listed in Tables VI and VII are associated
with particle-plus-phonon states involving the g7/2 and d5/2
orbitals. The relative intensities of the γ rays from a given
level to the ground and ﬁrst excited states should thus serve
as a probe of the g7/2 and d5/2 content of that level. The
intensity ratios of the cascade (Jπ → 5/2+) and crossover
(Jπ → 7/2+) transitions for the 137La levels determined in the
present decay studies are listed in Table IX. The possibility
of unresolved transitions from other levels inﬂuencing these
results can be discounted by comparing the decay results with
those from other studies, notably in-beam γ-ray intensity
measurements following nuclear reactions, which would in
general be expected to produce relative level populations
different from those of the decay studies. Table IX compares
the cascade-to-crossover ratios from the present work with
those of 137La levels populated in (p,2n) reactions in a study
by Kortelahti et al. [35] and in (11B,4n) reactions in the work
reported by Chanda et al. [36]. Overall the agreement is quite
good, particularly in the case of the 781-keV level, whose
properties have been subject to competing interpretations.
Henry et al. [29] suggested an assignment of 3/2+ or 5/2+
based on the logft value, and the logft value deduced from
the present work is consistent with that conclusion. However,
Kortelahtietal.[35]reportacoincidencebetweenthe169keV
(1005 → 835) and 771 keV (781 → 11) transitions, which
suggests a 54-keV transition connecting the 835 and 781 keV
levels. Such a transition has not yet been observed in either the
decay or reaction studies, but Kortelahti assume it must be of
M1 multipolarity and thus assign 7/2+ to the 781-keV level.
However, such an assignment would require that the 137Ceg β
decay to the 781-keV level be second forbidden, which is in
complete disagreement with the observed logft of 8.5—the
intensity of a second forbidden decay would be expected to
be reduced by about four orders of magnitude relative to the
observed value. The good agreement between the decay and
reaction data on the branching ratios involving the 781-keV
level offers no suggestion of a second level at that energy, nor
does the excellent match between the level energy obtained in
the present work from the direct transition to the ground state
(781.489 ± 0.010keV)andthecascade transitionthroughthe
ﬁrst excited state (781.500 ± 0.012 keV). A second level at
thatenergywouldlikelyshowadifferentcascade-to-crossover
ratio that might in turn have different effects on the ﬁts to the
two peaks and produce an energy mismatch. Also, two levels
atnearlythesameenergywouldbepopulateddifferentlyinthe
137Ceg and 137Cem decays, causing a shift in the peak energy
withtimeduetothedifferinghalf-lives;nosucheffectappears
in our data within the 10-eV uncertainty of the peak ﬁts.
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